Abstract Seasonal fluctuation in food availability is a universal problem for wild animals. One common response to dietary changes is to modify ranging patterns. We studied the ranging pattern of one group (8-12 individuals) of red leaf monkeys (Presbytis rubicunda) in the lowland dipterocarp forest of Danum Valley, Borneo from December 2006 to December 2008. The seasonal availability of fruits varies significantly in this forest because of mast fruiting. We tested the hypothesis that changes in ranging pattern are linked with seasonal changes in diet in this species. We recorded activity, foods eaten, and location every 10 min from around 06:00 until 16:00 h, 5-10 days/mo. The home range size was 21.4 ha over the 25-mo study (95% kernel contour). There were no statistically significant relationships between feeding times on the four major nonexclusive dietary components (all species of seeds, all species of young leaves, young leaves of Spatholobus macropterus, and other species of young leaves) and either the home range (95% kernel contour) or the core area (50% kernel contour). The areas used in the seed-eating and non-seed-eating seasons overlapped to a large extent. The daily path length was 1160 ± 340 m (mean ± SD, range: 550-2140 m). Neither daily path length nor monthly mean travel rate was significantly related to feeding time on any of the four major dietary components. The group's ranging patterns may be related to the unusual fallback strategy of this population, which depends on the young leaves of an abundant liana (S. macropterus), which are available in small patches. The monkeys need only a small home range because of the high abundance Int J Primatol (2016) 
Introduction
Animals cope with seasonal fluctuations in food availability in various ways van Schaik et al. 1993) . For example, many primates change their diet to lower quality but consistently available foods, such as leaves, in response to a decrease in their preferred foods (Hemingway and Bynum 2005; Tsuji et al. 2013) . Primates may also modify their home range to use different habitats in response to seasonal patterns in food availability (Buij et al. 2002; Jose-Dominguez et al. 2015) . Although ranging patterns are key to understanding primate responses to seasonality in food availability, the relationships among the seasonality of food availability, diet, and ranging patterns are not straightforward. For example, preferred high-quality foods are usually found only in a limited space, so some primates move a long distance to secure such highquality foods but range less when they eat abundant low-quality foods (Agetsuma 1995; Agostini et al. 2010; Hill and Agetsuma 1995; Milton 1981) . Many studies report a positive correlation between fruit-feeding and ranging distance (Bennett 1986; Campera et al. 2014; Jose-Dominguez et al. 2015; O'Brien and Kinnaird 1997) . In contrast, the daily path length of guerezas (Colobus guereza) did not correlate with their diet, although their main food changes seasonally from leaves to fruits (Fashing 2001a, b) . Similarly, ranging patterns by Indo-Chinese gray langurs (Trachypithecus crepusculus) do not vary with seasonal changes in diet (Fan et al. 2015) . Even where changes in diet and ranging patterns are linked, the direction of association can vary among populations or species. For example, hoolock gibbons (Hoolock leuconedys) in Gaoligongshan, China decrease their ranging distance when fruit becomes scarce (Zhang et al. 2014) , but Francois' langurs (Trachypithecus francoisi) in Fusui, China increase their ranging distance when fruit and young leaves are scarce, and eat many different species of plant (Zhou et al. 2007) . Blue-eyed black lemurs (Eulemur flavifrons) enlarge their home range when fruit availability decreases (Volampeno et al. 2011) , but the home range of Japanese macaques is the largest in fruit-rich autumn to accumulate fat to survive winter (Hanya et al. 2006) . These examples of variable responses in the ranging patterns to dietary changes indicate that a deep understanding of the feeding strategy of a species and the characteristics of its habitat is necessary to explain the ranging patterns of a primate species.
The lowland dipterocarp forest of Southeast Asia is particularly interesting for investigating the habitat characteristics of animal ranging patterns owing to the pronounced seasonality in fruiting phenology. In this type of forest, general flowering and subsequent mast fruiting events occur at unpredictable and multiyear intervals, when trees of Dipterocarpaceae and other families bear fruits simultaneously. Fruit production outside the mast fruiting period is lower than the African and American tropics (Sakai 2002; Wich and van Schaik 2000) . The severe seasonality of fruit availability affects the diet and nutritional status of the animals living there (Hanya and Bernard 2012, 2013; Kanamori et al. 2010; Wong et al. 2005) , but few studies have investigated the effects of this on primate ranging patterns.
Red leaf monkeys (Presbytis rubicunda, also called red langurs), in the lowland dipterocarp forest of Danum Valley, Borneo, have an unusual fallback strategy that makes them a particularly interesting subjects for the study of ranging patterns. In response to increased fruiting, they increase seed consumption. Outside of the fruiting period, they rely on the young leaves of a single species of a legume liana, Spatholobus macropterus, as a fallback food (Hanya and Bernard 2012) . This species has high available protein content and high stem density (Hanya and Bernard 2015) .
We tested the hypothesis that seasonal changes in the diet are linked with changes in the ranging patterns (home range size and ranging distance) in a population of red leaf monkeys experiencing pronounced variation in the availability of their preferred foods (seeds) because of mast fruiting. We investigated the relationship between ranging patterns and four major nonexclusive food categories (seeds, young leaves, young leaves of Spatholobus macropterus, and young leaves other than those of S. macropterus). In particular, we predict that ranging distance and home range size correlate positively with seed consumption because seed availability is more limited in space than their fallback foods (young leaves of S. macropterus) (Hanya and Bernard 2015) . Alternatively, if home range size and daily path length are not correlated with seed consumption, red leaf monkeys may expand their home range when seed consumption increases. We have no predictions for the other food categories.
Methods

Study Site
We conducted our study in a primary lowland dipterocarp forest around Danum Valley Field Centre (4°57′N, 117°48′E, 300 m above sea level) in the Danum Valley Conservation Area (438 km 2 ) in eastern Sabah, northern Borneo. Hanya and Bernard (2012, 2013) describe the details of the study site.
Behavioral Observation
We observed one habituated group of red leaf monkeys with 8-12 individuals from around 06:00 until 16:00 h, 5-10 days/mo from December 2006 to December 2008, during which one clear peak of fruiting was observed in May-October 2007. We recorded their activity and foods eaten by scan sampling every 10 min. Over the 25 mo of the study period, their diet was composed of seeds (including whole-fruit feeding, 50% of the feeding time), young leaves (46%), and other foods (flowers, bark, and pith, 4% in total). When we followed the group, we recorded its location every 10 min by a GPS device (GPSmap 60CSx). The total observation time was 1141 h, and the monthly observation time was 16-87 h (mean: 46 h). Observation times for the first 2 mo were short (27 and 16 h) because we were not accustomed to following the group. Monthly observation time decreased after May 2007, as we also started following other species of primates. The number of location points was 6578, and the monthly number was 103-516 (mean: 263).
Analysis
We determined home range size using a fixed kernel density method with an ad hoc estimation of smoothing factor h (Schuler et al. 2014) . We regarded 95% kernel density contours as the home range and 50% as the core area. For comparative purposes, we also report the minimum convex polygon (MCP) for the entire period.
We examined the minimum number of locations required to estimate the home range using data from the month with the greatest number of locations (April 2007, N = 516) . The home range reached an asymptote at 450 locations (Fig. 1) . As the number of locations was <450 for most months, we used 2 mo as the minimum unit of analysis to estimate home range. As the number of locations was small for the first two and the last months, we discarded the data for those 3 mo, leaving eleven 2-mo periods, beginning with February-March 2007 and ending with October-November 2008, with 416-796 location points per 2-mo period (mean: 555).
We calculated a Bsimilarity index^defined as D = ΣS i (Krebs 1999) , where D is the similarity index and Si is the percentage of each food category (seeds, young leaves of Spatholobus macropterus, and young leaves other than those of S. macropterus) common to 2 mo. The similarity index between two consecutive months was significantly larger than that of nonconsecutive months (F = 8.01, t = 2.83, df = 460, P = 0.0049), indicating that the diet composition in each month resembled that of previous or subsequent months.
To test whether the group used different areas when they eat different foods, we designated each 2-mo period as either a seed-eating or non-seed-eating period. Seedeating periods included February/March 2007, June/July 2007, August/September 2007, October/November 2007, and August/September 2008, when seed-eating accounted for 64-82% of the total feeding time (five 2-mo periods). In non-seedeating periods, seed eating accounted for only 23-39% of the feeding time (six 2-mo periods).
We calculated home range overlap between all possible combinations of 2-mo periods (N = 55). These data were not statistically independent of each other because home range data from each period was compared to that of many other periods. To avoid statistical problems associated with nonindependence, we performed an analysis Ranging of Presbytis rubicundaof similarity (ANOSIM) test using the anosim function of vegan in R v.3.2.1. ANOSIM examines whether there is a significant difference between groups of sampling units based on similarity/dissimilarity within and between the sampling units (Clarke 1993 ). We examined whether or not home range overlap between like periods was larger than that between unlike periods. We set the number of permutations used in the analysis at 999.
We calculated the ranging distance as the sum of the distance between the location points recorded every 10 min. When the distance was <20 m, we assigned it to 0 m because the group was likely to have remained in the crown of the same tree, whose maximum width was 20 m. We evaluated ranging distance in two ways: daily path length and monthly mean travel rate. We calculated the daily path length (m/day) using data for days when we followed the group for >7 h (N = 86 days). We assumed that the group continued to range at the observed rate for 12 h. This may over-or underestimate Btrue^daily path length, as the ranging distance for 06:00-08:00 h was significantly longer than for later 2-h periods during the day (using a 10-min ranging distance as the unit of analysis: F = 5.82, df = 4330, P < 0.001). However, the proportion of early morning data to the total ranging distance data was not significantly different among the 25 study months (χ 2 = 28.7, P = 0.23). Therefore, it is unlikely that we over-or underestimated the daily path length in particular months. We calculated the monthly mean travel rate (m/h) using all data. Because ranging distance is affected by the time of day, we divided the data into four 2-h periods (06:00-08:00, 08:00-10:00, 10:00-12:00, 14:00-16:00) and divided the total observed distance that the group traveled during the 2-h period in the month by the observation time for that 2-h period. We used the mean of the values for the four 2-h periods for each month (N = 25 mo).
We examined the effect of diet on ranging using general linear models (GLMs), with the proportion of feeding time on the four main food categories relative to the total feeding time (seed, including whole fruit-feeding, young leaves, young leaves of Spatholobus macropterus, and young leaves other than those of S. macropterus) as independent factors and ranging parameters (home range size, core area size, monthly mean travel rate, and daily path length) as dependent variables. We examined the effects of the four dietary parameters in different models because they correlate with each other. The unit of analysis was day for the daily path length, month for the mean travel rate, and 2 mo for the home range and core area size. For each analysis, we used the same units as the ranging parameters for the corresponding dietary data.
We analyzed location data using QGIS 2.4.0 (© 1989, 1991 Free Software Foundation, Inc.), R 3.2.1; (© The R Foundation for Statistical Computing) and Kashmir 3D 8.0.9 (© Tomohiko Sugimoto). We used R 3.2.1 for all statistical analyses. We set the α level at P < 0.05.
Ethical Note
The research complied with the BGuidelines for field research on non-human primatesô f the Primate Research Institute, Kyoto University. The research adhered to the legal requirements of Malaysia and Japan.
Results
Home Range
The home range of the study group for the entire study period was 21.4 ha by 95% kernel contour (Electronic Supplementary Material [ESM] Fig. S1 ) and 32.6 ha by MCP.
We found no effect of feeding time on seeds, young leaves, the young leaves of S. macropterus, and young leaves other than those of Spatholobus macropterus on the 2-mo home range or core area sizes (Table I; ESM Figs. S2 and S3) .
The red leaf monkeys used similar areas in the seed-eating and non-seed-eating seasons. The mean overlap in home range between two different 2-mo periods was 15.0 ha (±1.81 SD, range 11.5-18.8 ha), which was 78% of the mean 2-mo home size range (19.1 ± 2.93 ha). Home range overlap between like periods, e.g., seed-eating and seed-eating periods, was not significantly different from that between unlike periods, i.e., seed-eating and non-seed-eating periods (ANOSIM test, R = -0.013, P = 0.61).
Ranging Distance
The daily path length was 1160 ± 340 m (range: 550-2140 m) and was not significantly affected by diet (Table I; ESM Fig. S4) . Similarly, the monthly mean travel rate (m/h) was not significantly affected by feeding time on the four major food categories for that month (Table I; ESM Fig. S5 ). 
Discussion Small Home Range and Long Daily Path Length
The ranging patterns of the red leaf monkeys in Danum Valley were characterized by a small home range size (21 ha) and a long daily path length (1160 m/day), with little seasonal variation. Rigorous comparison is difficult owing to the differences in the methods used to estimate home range, but only 7 of 33 populations belonging to 22 different species of colobines have smaller home ranges than those in this study (Table II) . Some colobines with particularly small home ranges (<10 ha) live in modified habitats, such as forest fragments (Harris and Chapman 2007) or plantations (Kool 1993 Smith et al. 2013) . We should be cautious in generalizing these findings because we have data for only one group. However, this small home range is unlikely to be exceptional for this population owing to the high group density in this area (7.7 groups/ha; Hanya and Bernard).
Although it has one of the smallest home ranges, the daily path length of our study group was one of the longest among 33 colobus populations of 23 different species (Table I) . Colobus monkeys with a ranging distance longer than 1000 m/day live in high mountains (Bleisch et al. 1993; Fan et al. 2015; Grueter et al. 2008; Kirkpatrick et al. 1998; Sayers and Norconk 2008) . Although they do not live in such habitats, red leaf monkeys in Sabangau (Ehlers Smith et al. 2013) and Danum Valley (this study) have equally long ranging distances. Ehlers Smith et al. (2013) suggest that long ranging distances in Sabangau are related to heavy and seasonally consistent reliance on seeds. However, this is not the case for Danum Valley, because seed eating was seasonally variable (Hanya and Bernard 2013) , but the monkeys maintained a long daily path length irrespective of season.
Based on a review of 33 species of nonhuman primates, Mitani and Rodman (1979) found that territorial species have a longer daily path length in relation to home range size than nonterritorial species. This suggests that the small home range and long ranging distance of red leaf monkeys in Danum Valley may be related to territorial defense against neighboring groups. We observed other groups or heard vocalizations only on the periphery of the home range of the study group, suggesting that the home range was mutually exclusive. However, we never observed an intergroup encounter and our study group did not respond actively to vocalizations by monkeys in other groups. Thus, territorial defense seems to be an unlikely explanation for the long ranging distance.
The dietary characteristics of our study population may explain its ranging pattern. Red leaf monkeys in Danum Valley rely on the young leaves of a single species of liana, Spatholobus macropterus, as a fallback food (Hanya and Bernard 2012) . This species has high available protein content (Hanya and Bernard 2012, 2015) . The flushing stem of this species is quite abundant (75/ha; Hanya and Bernard 2015) . However, most of the patches are small and few monkeys can feed in the same patch. The number of individuals cofeeding in S. macropterus feeding events was smaller than in seed-feeding events (Hanya and Bernard 2015) and individual patches were small and depleted quickly. As a consequence, red leaf monkeys in Danum Valley may need to move relatively longer distances to visit many patches of S. macropterus. This is the situation predicted by the ecological constraints model (Wrangham et al. 1993) . More rigorous tests are necessary to assess the potential for scramble competition over patches of S. macropterus by comparing different-sized groups (Kurihara and Hanya 2015) . We predict that smaller groups will have a shorter daily path length. We suggest that the small home range of red leaf monkeys is related to the abundance of Spatholobus macropterus and their long daily path length is related to the quick depletion of the food patches. Although these two explanations seem contradictory, they are compatible if the plant regenerates (flushes) quickly after feeding by animals (Ito and Takatsuki 2005) . Data are needed on feeding pressure from the monkeys and the flushing behavior to test this.
Seasonally Consistent Ranging Pattern
The other important characteristic of this population is the lack of seasonality in its ranging patterns, in spite of the strong seasonality due to mast fruiting. Our hypothesis that seasonal changes in the diet are linked with changes in the ranging patterns was not supported; the monkeys did not increase their home range size or ranging distance and they did not shift their home range in response to increased fruit availability. Unlike the Sabangau population (Ehlers Smith et al. 2013 ), this was not related to a seasonally invariable diet. Seasonal variation in the diet was quite large in our study site; seedfeeding time varied as much as 18 times over the study period (Hanya and Bernard 2013) . Because fallback foods are usually abundant, monkeys may not need to move around to find patches (Hanya and Chapman 2013) . However, in this population, individuals move a long distance to eat Spatholobus macropterus. More monkeys stay in seed feeding patches than in young leaf feeding patches, and they stay for a longer time (Hanya and Bernard 2015) . As a consequence, the number of seed feeding patches the monkeys visit is smaller than the number of young leaf feeding patches (Hanya and Bernard 2015) . The daily path length is approximately the product of the number of patches and the interpatch distance. Thus, the effect of the short interpatch distance when eating young leaves of S. macropterus may have been canceled out by the larger number of patches visited in one day.
The size of the home range did not differ with diet, and the overlap was large (78%) between two different 2-mo periods. As a proximate factor, monkeys may not be able to enlarge their home range owing to the presence of neighboring groups. The group density in this area seems high (Hanya and Bernard unpubl. data), but we cannot test this possibility because of the lack of obvious intergroup interactions. As an ultimate factor, we can explain seasonal variation in home range size as a response to fluctuation in the availability of main foods (Hanya and Chapman 2013) . In Japanese macaques, for example, the home range is large when they eat fruits, which are limited in abundance, and small when they eat abundant leaves (Hanya et al. 2006) . This example suggests that monkeys enlarge their home range only when they are likely to exhaust its resources. As a result of forestomach fermentation (Lambert 1998) , red leaf monkeys can probably live on leaves alone. In contrast, Japanese macaques cannot live solely on leaves for an extended period (Hanya 2004; Nakagawa et al. 1996) ; they survive during the fruit-scarce periods by metabolizing the fat accumulated in fruit-rich seasons . The home range size of Japanese macaques varies seasonally because the area they need is large in fruit-rich seasons and small in fruit-scarce ones. Unlike fruits for Japanese macaques, seeds may not be indispensable for the survival of red leaf monkeys, so they may not need to enlarge their home range to secure enough seed resources in fruit-rich seasons.
In conclusion, the ranging of red leaf monkeys in Danum Valley is characterized by small home range size and long daily path lengths, and does not correlate with seasonal variation in diet. We explain this pattern by the unusual fallback strategy of this population that depends on the abundant young leaves of a liana (Spatholobus macropterus), which are available in small patches. The monkeys need only a small home range because of the high abundance of this liana, but they range a relatively long distance because patches are easily depleted. Even in seasons when their diet changes from seeds to young leaves, which requires only short interpatch movement, the ranging distance does not decrease because they visit many patches of S. macropterus.
